Cells ofLactobacillus bulgaricus, Escherichia coli, and Kluyveromyces (Saccharomyces) lactis immobilized in polyacrylamide gel beads retained 27 to 61% of the /3-galactosidase activity of intact cells. Optimum temperature and pH and thermostability of these microbial f3-galactosidases were negligibly affected by the immobilization. K, values of /3-galactosidase The use of immobilized whole cells as an enzyme source will generally eliminate the need for release of intracellular enzymes and for the succeeding purification steps; also, in some cases the enzymes are more stable if immobilized within their natural environment, the cell. These benefits have led to studies on immobilized microbial cells. Corynebacterium glutamicum (17) was entrapped in polyacrylamide gel to produce glutamic acid in successive batches of fresh medium. Streptomyces phaeochromogenes cells were heated at 80°C for 1.5 h and successfully immobilized in a collagen sheet by the method of aggregation of soluble collagen as a result of pH changes (19). Chibata et al. (3) Entrapping of microorganisms having ,-galactosidase activity, however, has not been reported. B-Galactosidase catalyzes the splitting of lactose to glucose and galactose and is fairly important for the treatment of milk for milkintolerant people who cannot digest lactose.
The use of immobilized whole cells as an enzyme source will generally eliminate the need for release of intracellular enzymes and for the succeeding purification steps; also, in some cases the enzymes are more stable if immobilized within their natural environment, the cell. These benefits have led to studies on immobilized microbial cells. Corynebacterium glutamicum (17) was entrapped in polyacrylamide gel to produce glutamic acid in successive batches of fresh medium. Streptomyces phaeochromogenes cells were heated at 80°C for 1.5 h and successfully immobilized in a collagen sheet by the method of aggregation of soluble collagen as a result of pH changes (19) . Chibata et al. (3) immobilized Escherichia coli and other bacteria containing aspartase by various methods, and enzymatically active immobilized cells were obtained. Very recently, Martin and Perlman (9) reported the immobilization of Gluconobacter melanogenus cells capable of converting L-sorbose to L-sorbosone in polyacrylamide gel.
Entrapping of microorganisms having ,-galactosidase activity, however, has not been reported. B-Galactosidase catalyzes the splitting of lactose to glucose and galactose and is fairly important for the treatment of milk for milkintolerant people who cannot digest lactose.
We have already described the immobilization of 3-galactosidase extracted from Aspergillus oryzae in polyacrylamide gel beads (15) . In the present paper, we deal with the immobilization of microbial cells having 8-galactosidase activity and the enzymatic properties of the immobilized cells.
MATERIALS AND METHODS
Materials. Lactose was the product of BDH Chemicals Ltd. Glucose, galactose, and the other reagents were used in guaranteed grade. Achromycin (tetracycline hydrochloride) used as a growth inhibitor was purchased from Takeda Chemical Industries, Ltd.
Cultivation of microorganisms. Lactobacillus bulgaricus (B-1), L. acidophilus (Ack), Streptococcus cremoris (H-61), and S. thermophilus (510) were kind gifts from the Institute of Animal Industry, Ministry of Agriculture and Forestry, Chiba, Japan. All these bacteria were propagated in a medium containing 2% peptone, 1% yeast extract, 0.5% meat extract, 1% glucose, 10% tomato juice, and 0.01% CaCl2, which was adjusted to pH 7 Neurospora crassa (IFO-96) was propagated in bouillon medium (1% meat extract, 1% peptone, 5% NaCl, pH 7.0) at 30°C for 7 days.
The media described above were sterilized at 120°C for 15 min. All of the microbial cells were harvested by centrifugation at 10,000 x g for 15 min and washed in phosphate buffer (0.7 M, pH 6.5). These cell suspensions were used for cell immobilization as soon as possible.
Isolation of free enzymes from microorganisms. Cell pellets of each microorganism obtained by centrifugation were disrupted in a mortar with alumina powder and a small volume of phosphate buffer under chilled conditions (5WC). Then the clear supernatant was separated from the cell debris by centrifugation at 10,000 x g for 15 Immobilization of microorganisms. These microorganisms and the free enzymes were immobilized in acrylamide gel beads according to the method described previously (15) ; these preparations are referred to as the immobilized cells and immobilized enzymes, respectively. The concentration of the cell suspensions was usually lower than 3 g of wet cell per 10 ml of phosphate buffer.
Evaluation of effectiveness factor. The effectiveness factor, Ef, was evaluated as the ratio of the apparent rate of enzymatic reaction with diffusional effect to the rate under conditions without any diffusional effect. Such conditions were created by grinding immobilized microorganisms in a chilled mortar.
Reuse of immobilized microorganisms. To use immobilized cells repeatedly, 1 g of immobilized cells was wrapped with nylon cloth that does not leak any beads. The enzyme reactor was pretreated before the first run as follows; it was immersed into 50 ml of 4.5% lactose solution (phosphate buffer, pH 6.5) at 30°C, shaken at 120 cycles/min for 10 min, and centrifuged at 1,000 x g for 1 min in the centrifugal tube with a rack at the middle to remove lactose solution in the reactor. Then every run was carried out under the same conditions for 30 min. After each run, the reactor was washed twice with 200 ml of the same buffer. The residual solution in the reactor was removed by centrifugation at 1,000 x g for 1 min at room temperature. One cycle of reaction and washing took about 1 h.
Standard assay of ,B-galactosidase activity. (i) ,Bgalactosidase activity in cell suspensions. One milliliter of the suspension containing 2 g of wet cells in 10 ml of phosphate buffer was mixed with 4 ml of the same buffer and 0.15 ml of toluene. This mixture was shaken for 1 h at 320 rpm, 30°C, to increase lactose penetration into the cells by toluene extraction of the lipid contained in the cell membrane. One milliliter of this toluene-treated cell suspension was combined with 5 ml of lactose solution (11.25%) and 6.5 ml of the same buffer and incubated at 30°C. After 15 min, a 3-ml aliquot of the reaction mixture was put immediately into a slender test tube preheated in boiling water and held for 3 min in order to stop further hydrolysis before inactivation of the enzyme. Then this aliquot was centrifuged to remove cells at 10,000 x g for 10 min after chilling in ice water. The amounts of glucose and galactose were determined by glucose oxidase (Glucostat special reagent kit, Worthington Biochemicals Co.) and by galactose dehydrogenase (galactose ultraviolet test, Boehringer Mannheim Co. Ltd.), respectively.
(ii) Activity of crude j8-galactosidase. The solution of crude /8-galactosidase (0.5 ml) was mixed with phosphate buffer (pH 6.5, 7.0 ml) and lactose solution (11.25%, 5.0 ml) and incubated at 30°C for 30 min. The same procedure as described above, except for cell removal, was used for this reaction mixture to evaluate the amount of glucose released.
(iii) ,B-Galactosidase activities of immobilized cells and immobilized enzymes. /8-Galactosidase activity in the polyacrylamide gel beads containing the microbial cells or extracted enzyme was assayed with 4.5% lactose in phosphate buffer (pH 6.5, 0.7 M) at 30°C for 30 min under reciprocal shaking at 100 cycles/min. The details have been described (15) .
TLC. Hydrolysis of lactose in skim milk was carried out with the immobilized cells of these microorganisms as follows: 30 ml of the solution prepared with skim milk powder was incubated with immobilized cells (10 g) at 30°C under reciprocal shaking for 5 h. Then the skim milk was deproteinized with 1% solutions of Ba(OH)2 and ZnSO4 and filtered through filter paper (Toyo, no. 5C). The filtrates were spotted on precoated thin-layer chromatography (TLC) plates (silica gel) purchased from Merck & Co. The chromatography was developed by a solvent (22) containing n-butanol-methanol-boric acid solution (0.03 M) (5:3:1) at room temperature for about 1 The activity yields of these immobilized cells and immobilized enzymes were in the range of 27 to 61% ( Table 2) .
Properties of immobilized microorganisms. (i) Optimum pH. The pH range studied was 4.5 to 9.0. Figure 2 shows the pH profile for free enzymes, immobilized enzymes, and immobilized cells with enzymatic activity (L. bulgaricus, E. coli, and K. lactis). pH optima for activity of these immobilized cells were 5.5, 8.0, and 6.3, respectively. Each value was very close to that of free enzyme.
(ii) Optimum temperature and thermostability. Immobilized cells of L. bulgaricus and E. coli showed the highest activity at near 55°C (Fig. 3A, B) . The optimum temperature of immobilized K. lactis cells was 370 (Fig. 3C) . Temperature-activity profiles of these immobilized cells were comparable to those of free enzymes. Thermostability of immobilized cells of the three microorganisms was determined by the residual activities after 24 h of incubation in the buffer at a given temperature. The residual activities evaluated according to the standard assay are depicted in Fig. 4 Table 3 . The values for E. coli and L. bulgaricus were six-to sevenfold lower than that for K. lactis. All of these values were negligibly affected by the treatment for immobilization.
(v) Ki value. Galactose and glucose effects on ,f-galactosidase activity were studied for the free enzymes and immobilized cells. The initial rates of lactose hydrolysis by immobilized cells of L. bulgaricus and E. coli were almost constant, although the concentration of galactose was increased. The same result was observed with the free enzymes from these bacteria.
Since these results revealed clearly that these enzymes were not obviously inhibited by galactose, we estimated that the K, values of the enzymes were higher than the highest inhibitor levels tested. The activity from K. lactis, however, gradually decreased with increased amounts of galactose added. The inhibition effect with increasing concentrations of galactose on the activity of immobi1 zed K. lactis cells was examined at different concentrations of lactose; i.e., the reaction rate, v, was measured with varying inhibition concentrations, [I] , and 1/v was plotted against [I] . This convenient method is described by Dixon (5 (Fig. 6) . K, and K,' values of 3-galactosidase in K. lactis cells immobilized in acrylamide gel were 47 and 103 mM, respectively. These values were almost the same as those of the free enzyme.
The effects of glucose at various concentrations on the activity of these microorganisms were also examined by determining the amounts of galactose released from lactose. The patterns of the Lineweaver-Burk plots appeared to be those of typical noncompetitive inhibition (Fig. 7 to 9 ). From these plots, K, Table 3 .
Reusability of immobilized cells. The reusability of these immobilized microbial cells, which were wrapped with nylon cloth as a reactor, was tested repeatedly (Fig. 10) . The reactor from K. lactis showed a negligible decrease in activity upon initial contact with lactose solution. Those from E. coli and L. bulgaricus showed 25 and 35% decreases, respectively. The decreasing profile of immobilized enzyme from E. coli was consistent with that of immobilized cells (Fig. 10) .
Properties tions that were treated with these immobilized cells were detected by TLC (Fig. 11) . The position of authentic lactose (A) followed that of authentic galactose (B) 
DISCUSSION
Immobilization of microbial cells. Desirable formation of the gel matrix was affected by the concentration of the cell suspension. When a cell suspension containing more than 3 g of cell pellet in 10 ml of phosphate buffer was mixed with a 50% acylamide solution, the pho- (%) topolymerization was incomplete even after 15 min under saturated conditions of nitrogen gas. This phenomenon was also seen when more than 10% solutions of free enzymes were used. Such disadvantages could be overcome by lowering the concentration of cells or enzymes. In the immobilization process, it is very important to decrease the polymerization time as noted previously (15) , since acrylamide monomer and organic solvents lead to inactivation of the enzymes.
Adequate contact of the microorganisms with the mixture of toluene and chloroform may be required to promote the penetrability of the substrate lactose through the cell membrane.
This was estimated from the low 3-galactosidase activity of immobilized microorganisms that were not pretreated with toluene for 1 h at 37°C. The extraction ratio of the enzyme from L. bulgaricus and K. lactis was about 1:2, and that from E. coli was smaller than 1:4 (Table 2 ).
These extraction ratios may have been due to inadequate extraction of the enzyme from the cells or enzyme denaturation during the extraction procedure. On the other hand, the activity yields, with immobilization, of the free f3-galactosidases extracted from these microorganisms were not very different from those of the immobilized microorganisms ( Table 2 ). The activity yields of extracted enzymes were calculated based on the activities of toluene-treated cells. These values were in the range of 10 to 21% and were lower than those of immobilized microorganisms.
These results suggest that immobilization of the microorganisms is a potential method for utilization of the microbial enzymes without an enzyme extraction procedure.
Properties of p8-galactosidase. One of the kinetic parameters, apparent K,,, is known to be affected by the conditions surrounding the enzyme. An increase in the K,, value was reported in the case of enzymes entrapped in acrylamide gel (11, 18) but Mori et al. (10) reported that the diffusional effect through the Nernst layer was negligible. These authors also (15) , in which the immobilized enzyme activity determined in a stirred tank reactor with baffles at 1,000 rpm was the same as that measured in a conical flask at 100 cycles/min, and the effectiveness factor was almost unity. The same conditions as used in the previous paper were used in this experiment to determine the enzymatic activity of immobilized microorganisms. These results, including the finding that Ef values were almost unity, suggest that diffusional effects around the beads were also negligible. Therefore, it seems reasonable that the K,,, values of immobilized microorganisms are almost the same as those of free enzymes.
In the present report, galactose, one of the hydrolysates of lactose, was found to inhibit competitively ,B-galactosidase only in the case ofK. lactis; this type of inhibition has also been seen with the enzyme from Aspergillus niger (6, 8, 21) . The data described above reveal the noncompetitive inhibition of glucose on f3-galactosidases of L. bulgaricus, E. coli, and K. lactis. Such results have not been mentioned in papers on /3-galactosidases except for the report of Kuby and Lardy (7) , who found that glucose and sucrose (glucoside) apparently act as noncompetitive inhibitors of the /3-galactosidase from E. coli K-12. All these properties of /3-galactosidase were negligibly changed by the immobilization procedure.
Carbohydrate compounds. Unknown carbohydrate compounds were detected by TLC in milk treated with immobilized cells of L. bulgaricus and K. lactis (Fig. 11) . These compounds were different from each other judging from Rf values, but they occurred near the position for authentic raffinose. Aronson (1) observed an immediate formation of oligosaccharides having different Rf values during the hydrolysis of lactose by extracts of the microbial cells, and he revealed that these saccharides were synthesized as a result of transgalactosidation. Transgalactosidation is known to occur with monosaccharides, oligosaccharides, alkyl alcohols, and even phenols (2, 13, 16, 20) . In the present report, we also justified the existence of this transgalactosidation reaction by the detecting components like raffinose (Fig. 11) . Since this reaction also proceeded in extracts from L. bulgaricus and K. lactis, it does not arise only in immobilized microorganisms. It is interesting that unknown carbohydrate compounds were not detected in milk treated with immobilized cells of E. coli.
We have shown that direct immobilization of intact microorganisms is superior to the previous method (15) , in which extraction of intracellular enzyme and its purification are necessary before immobilization.
